Electrons in isolated graphene layers are a two-dimensional gas of massless Dirac Fermions.
Electrons in isolated graphene layers are a two-dimensional gas of massless Dirac Fermions.
In realistic devices, however, the electronic properties are modified by elastic deformations, interlayer coupling and substrate interaction. Here we unravel the electronic structure of doped graphene, revisiting the stage one graphite intercalation compound KC 8 using angleresolved photoemission spectroscopy and ab-initio calculations. The full experimental dispersion is in excellent agreement to calculations of doped graphene once electron correlations are included on the GW level. This highlights that KC 8 has negligible interlayer coupling.
Therefore Dirac Fermion behaviour is preserved and we directly determine the full experimental Dirac cone of doped graphene. In addition we prove that superconductivity in KC 8 is mediated by electron-phonon coupling to an iTO phonon, yielding a strong kink in the quasiparticle dispersion at 166 meV. These results are key for understanding, both, the unique electronic properties of graphene and superconductivity in KC 8 .
The recent discovery of two-dimensional meta-stable graphene sheets has sparked enormous interest in their low-energy electronic structure [1] [2] [3] [4] . Graphene samples are in general obtained by three methods: (1) repeated peeling of a graphite single crystal 3 , (2) growth by chemical vapour deposition on Ni(111) 5, 6 and (3) precipitating few-layer graphene from SiC 7 . Angle-resolved photoemission spectroscopy (ARPES) has been proven to be a key tool to determine the electronic structure of one and few layer graphene 8 and graphite 4, 9, 10 . A major problem for the investigation of substrate based graphene is that there is a significant modification of the electronic structure due to interaction with the substrates yielding charge transfer and hybridisation 6 .
One way to overcome this problem is to measure single crystalline graphite, which has no substrate interaction. In this case however, a k z dispersion of two π valence bands 9 and a small gap 11 were observed because of the AB stacking sequence of graphene layers. Another important issue in both systems is the renormalization of the bare electronic band structure due to doping dependent electron-electron correlation 9 , electron-phonon coupling (EPC) 10, 12 or electron-plasmon coupling 13 .
In order to circumvent the problems of substrate interaction, strong bilayer splitting and electron-electron correlation we revisited stage one graphite intercalation compound (GIC) KC 8 .
GICs have been at the focus of intense research in the last four decades because they have a wide 2 range of tunable electronic properties 14 . Especially, for stage I GICs superconductivity was observed with transition temperatures T C ranging from below 1 K for alkali metal intercalation (e.g. 0.55 K for KC 8 15 ) up to 11.5 K for CaC 6 16 . In both cases EPC is the superconducting pairing mechanism [16] [17] [18] . In stage I alkali GICs the graphene layers have AA stacking and only one π conduction(valence) band and can thus be considered as a doped graphene layer sandwiched in between two positively charged plates ( Supplementary Fig. S1 ). Thus the low-energy band structure of, both, stage I GICs and graphene are described by a 2×2 tight-binding (TB) Hamiltonian 19, 20 resulting in a linear π band dispersion close to the crossing point of the valence and conduction bands. The electronic band structure of GICs was also calculated by density functional theory in the local density approximation (LDA) 21 . Experimentally, preliminary studies on ARPES of GICs were reported 22, 23 . Until now the details in the low energy quasiparticle (QP) dispersion of GICs regarding the superconducting coupling mechanism are not identified. Furthermore the issue of whether the charge transfer to graphite is complete [24] [25] [26] [27] or partial 22, 23, 28 was never resolved.
In this work we revisited the electronic structure of KC 8 GICs using a combination of ARPES and ab-initio calculations. We proof a complete charge transfer and find excellent agreement to ab-initio GW calculations including electron-electron correlation. This highlight that a rigid band shift model of graphene is applicable for KC 8 and electron-electron correlation play a crucial role in the QP dispersion. Hence we unravel for the first time the full experimental Dirac cone of graphene without modifications by substrate interactions and directly determine the corresponding momentum dependent Fermi velocites (v F ) in the valence and conduction bands. Thus our results are key for understanding the unique doping dependent electronic transport properties of gated 3 graphene layers in nanoelectronic devices. In addition we show a detailed study of the direction dependent renormalization of the QP dispersion at low binding energy that highlights the coupling to an iTO phonon at 166 meV. We directly show that the coupling to this phonon, which is also responsible for the double-resonance Raman process, is the major contribution to the superconducting pairing in KC 8 .
The KC 8 crystal structure is given by individual graphene sheets separated by layers of potassium as shown in Fig. 1(a) . This compound was synthesized in-situ by evaporation of potassium as described in detail in the Methods section. The fully intercalated graphite crystals have a characteristic golden colour as shown in Fig. 1(b) . We now carry out a detailed analysis of the QP dispersion of KC 8 as measured by ARPES. In Fig we determine the number of carriers n e by integrating the volume inside the Fermi surface. This yields n e = 7.2 × 10 21 electrons cm −3 , close to a full charge transfer (n e = 8.9 × 10 21 electrons cm −3 ). The remaining deviations can be explained by a slightly lower stochiometry, i.e. K 0.85 C 8 .
From these results, concomitant with the absence of any Fermi surface of K 4s states close to the Γ point ( Supplementary Fig. S7 ) we can safely state a complete charge transfer from potassium in agreement with previous results [24] [25] [26] [27] . As can be seen in Fig. 2 Fig. 2 and will be also used for the self-energy analysis of the EPC to be described below.
In order to further understand the underlying band structure on an ab-initio level we compared the experimental results to calculations at six different levels comprising LDA and GW [30] [31] [32] calculations of (un)doped graphene and KC 8 . As seen in the Supplementary in the validity of our approach. In close similarity to our results on pristine graphite 9 , we observed that electron-electron correlation is crucial to explain the band structure of doped graphene layers in KC 8 .
We now turn to the analysis of QP bandstructure of KC 8 close to E F and their implications for superconductivity. In addition to the linear dispersion, as can be see in Fig. 1(c) Fig. 2(a) and Fig. 3(a) , the π conduction band of KC 8 is strongly kinked at 166 meV. This is in agreement to previous results on doped graphene 12 . By an accurate comparision to the graphite phonon dispersion relation [35] [36] [37] we can unambiguously assign the kink to a coupling to the in-plane transverse optical (iTO) phonon branch near the K point (see the Supplementary Table 2 for the calculated phonon frequencies including non-adiabatic effects). This agrees perfectly with both the energy of the kink and also with the facts that the EPC matrix element with the iTO phonons is much stronger 7 than with Γ point phonons 38 and that the phonon density of states is strongly peaked due to the flat dispersion of the iTO branch around K. The photohole decay process is shown schematically in Fig. 4(a) . It is clear that a photohole can relax to a lower binding energy state in two ways by intravalley and intervalley scattering. For the case of intravalley scattering the photohole scatters around K or K points and relaxes by emission of Γ point phonons. However, as their energy does not fit with the measured kink we disregard this mechanism. Therefore the relevant process is related to intervalley scattering where the photohole scatters between K and K points and relaxes by emitting phonons close to the K point. In Fig. 4 (b) we illustrate this mechanism in the 2D
BZ of graphene with the exchange of a phonon with wavevector q ph . Interestingly, a very similar process for scattering of photoexcited electrons is responsible for the D and G band in the double resonance Raman process in sp 2 hybridized carbon materials.
Once we have identified the phonon mode responsible for the observed kink it is important to accurately determine λ, the EPC constant 39 . In recent works 12, 40 λ was estimated from the change in the slope of linear bare electronic bands; however this is not justified as the proper bare band structure at the E F has to be considered, as was clearly pointed out in a recent theoretical work 41 .
In the present work we avoid this problem by considering the total self-energy Σ(E) from which λ can be directly obtained by a simple energy derivative at
To do so we fit the momentum distribution curves (MDCs) of the QP band structure by Lorentzians. The positions of the maxima and the widths of the MDCs are directly proportional to the real and imaginary part of Σ, i.e. Re(Σ) and Im(Σ), respectively (see Supplementary Figs. 9-10 ). The QP dispersion in the energy region close to the kink is shown in detail in Fig. 4 (c) along with the measured maxima of MDCs and the bare band dispersion (the cut is in k y direction in between KM and KΓ and thus corresponds to an averaged λ). In the simple case of coupling to one Einstein phonon Re(Σ) has a peak and Im(Σ) has a jump at the energy of the coupling phonon mode 39 .
Indeed this is what we observe in the Figs. 4(d,e) due to the strong coupling to the iTO phonon from K point at 166meV.
Here we emphasize that the evaluation of λ from Im(Σ) does not depend on the details of the dispersion of the bare bands. For the analysis of λ from Re(Σ) we used the TB calculation of the bare bands which gives the correct curvature in KM and KΓ directions. Thus our analysis does not suffer from an overestimation of λ in KM direction. Moreover, from the slope of Re(Σ) and from the height of the jump in Im(Σ) it is possible to evaluate the EPC λ 39 : the values we got are λ = 0.4
and λ = 0.3 from the analysis of Re(Σ) and Im(Σ), respectively. This procedure can be used to obtain the wavevector dependence of λ k . In Fig. 4(f) we show that the EPC obtained from both the Re(Σ) (squares) and Im(Σ) (circles): we thus obtain that λ k is maximum close to KM direction and minimum in the KΓ direction. As can be seen in the Fig. 4(f raises some concerns related to the need of going beyond LDA to describe exchange and correlation effects in the QP energies and wavefunctions. As we stated above, self-energy corrections at the GW level are needed to describe the observed absence of ARPES intensity at Γ, in contrast to what is predicted by LDA. Another possible explanation to partly explain the strong anisotropy in λ k observed experimentally might be the phonon trigonal warping effect 42 . Thus further work is 9 needed to address the phonon dispersion relation and the impact of the GW self-energy corrections on EPC 38 which we are currently working on. We have also analyzed β, i.e. the coefficient of the quadratic energy dependence of Im(Σ) which is depicted as crosses in Fig. 4(f In conclusion we have synthesized KC 8 in-situ and performed ARPES measurements. We have found a complete charge transfer and that the QP dispersion of KC 8 is strongly modified in the presence of EPC to the iTO phonon branch at K. The value of the coupling constant is in good agreement to the experimental value of T C and hence determines the superconducting pairing mechanism. Interestingly, this iTO phonon branch is also responsible for the strong double resonance Raman scattering in sp 2 bonded graphite materials. The QP band structure of KC 8 is in good agreement to ab-initio calculations for graphene after including self-energy corrections on a GW level. We thus conclude that the conical band dispersion of KC 8 closely resembles that of Dirac
Fermions of graphene after applying a gate voltage. Our results circumvent the problems which are associated with strong substrate interaction of graphene 6, 33, 34 or with interlayer interaction 9 , both of which cause a breakdown of Dirac Fermions. Most importantly, we unravelled for the first time the full experimental Dirac cone of doped graphene and directly determine the corresponding momentum dependent v F in the valence and conduction band as such providing crucial input for the understanding of the unique electronic and transport properties of graphene.
Methods
Experiments were done at BESSY II using the UE112-PGM2 beamline and a Scienta RS 4000
analyzer yielding a total energy resolution of 15 meV and a momentum resolution better than In the second step, we use the GW approximation [30] [31] [32] to calculate the self-energy corrections to the LDA dispersion 45 . For the calculation of the dielectric function (ω, q) we use a Monkhorst-Pack k grid sampling 36×36×1 points and bands up to 70eV (namely 50 bands) of the first BZ. In a further step we performed GW calculations including partial self consistency in G. Note, that this is a conserving approximation whereas the single shot G 0 W 0 is not. 
